Introduction 70
A number of eukaryotic groups first appear in the fossil record between the Bitter 71
Springs isotope excursion at ~810 Ma and the Sturtian glaciation at ~715 Ma (Macdonald 72 et al., 2010) . This apparent radiation includes the first unequivocal appearances of groups 73 such as the vase-shaped microfossils, interpreted to be related to lobose, and perhaps 74 filose, testate amoebae (Porter and Knoll, 2000; Porter et al., 2003) , scale microfossils of 75 uncertain phylogenetic affinity (Cohen et al., 2011; Cohen and Knoll, 2012) , and simple 76 multicellular and coenocytic green algae (Butterfield et al., 1994) . because sulfate reduction within a water-column where sulfate is not limiting allows 219 expression of the biological preference for lighter 32 S, and consequently depleted isotopic 220 compositions in the resulting pyrite with respect to seawater sulfate. Sulfate reduction 221 within sediments, on the other hand, where sulfate availability is often diffusion limited, 222 results in Rayleigh distillation, leading to pyrite values that approach seawater sulfate 223 (Johnston and Fischer, 2012) . 224
In our multi-proxy framework, samples were considered likely to have been 225 deposited under an oxic water column when they showed FeHR/FeT < 0.38 (Raiswell 226 and Canfield, 1998) , no enrichment in Mo and V with respect to average shales (Gromet 227 et al., 1984) , and relatively enriched δ deposited beneath an euxinic water column, with subsequent oxidation of pyrite to iron 243 oxides, or (2) the shales were deposited beneath a ferruginous water column, with the 244 zone of free sulfide accumulation essentially at the sediment-water interface. 245
Petrographic examination of selected shales did not show widespread evidence for 246 oxidation of pyrite, although because the samples are from outcrop and surely have 247 suffered some alteration, it is possible that micron-scale pyrite grains beneath the limits 248 of routine petrographic detection have been wholly or partially oxidized. In the second 249 possibility, full access to seawater sulfate and molybdenum pools could explain the 250 isotopic and abundance patterns for these two elements, while the shorter time interval 251 exposed to high sulfide levels compared to a fully euxinic water column would result in 252 less sulfidization of highly-reactive iron phases. Recognizing that the development of 253 truly euxinic conditions is ambiguous and these data may represent sulfide production at 254 the sediment-water interface, inferences of euxinia in Figs The total iron to aluminum ratio is another informative redox proxy, because 317 sedimentary iron is authigenically enriched under anoxic water columns (Lyons and 318 Severmann, 2006 ). An interesting feature of shale samples from the Fifteenmile Group is 319 that even samples considered to have been deposited under anoxic conditions have Fe/Al 320 ratios lower than average shale (Gromet et al., 1984 essentially no carbonate (e.g. GO134 and S1103 sections). Open-system diagenesis could 334 have potentially affected these rocks, although even the marls would have had very low 335 permeability. Further, the main effect of diagenesis in carbonates is to add iron (Brand 336 and Veizer, 1980), which is unlikely given the low overall amounts of acetate-extractable 337 iron (average 0.13 weight percent) and the lack of a relationship between percent 338 carbonate and acetate-extractable iron (R 2 = 0.062). Another possibility is that the 339 provenance was extremely weathered, iron-free material. However, Chemical Index of 340 Redox proxy data show a consistent pattern with respect to sedimentological 363 structures that indicate relative water depth. In particular, all occurrences of hummocky 364 cross-stratified sandstones encased within shale, which indicate deposition above storm 365 wave base, show evidence for oxic deposition ( Fig. 3-7) . In other words, the surface 366 mixed layer in the basin appears to be oxygenated, at least during storms. While the depth 367 of storm wave base varies among basins (Peters and Loss, 2012) , these data indicate that 368 in this basin, the water column in direct contact with the atmosphere remained oxic. (Kump, 2008) . First, anoxic deep 387 oceans likely require atmospheric O 2 to be less than 40% PAL (Canfield, 2005) . Second, 388 it has been proposed that iron is only retained in lithified soil horizons, and it has been 389 since the Paleoproterozoic, when O 2 is greater than 1% PAL (Holland and Beukes, 1990) . circulatory system, such as an annelid, is ~0.14% PAL (Fig. 9) . The most likely minimal 487 oxygen requirements for a 600 x 25 µm diameter worm limited by pure diffusion, such as 488 a nematode, is ~0.36% PAL (Fig. 9) -note that these values are with respect to ambient 489 dissolved oxygen concentrations and do not consider temperature or salinity effects on 490 the dissolution of oxygen in water. The estimated oxygen requirements for these two 491 hypothetical ancestors differ slightly, but their broad similarity and the overlap in 492 sensitivity analyses (Fig. 9) suggests that pure diffusion and a BVS likely represent 493 optimal designs below and above this size threshold. 494
Although there are uncertainties in the optimal values for the parameters in the 495 equations governing oxygen requirements (see Supplementary Information), three facts 496
suggest the values described above represent conservative estimates for the minimum 497 oxygen concentrations necessary to sustain bilaterians. First, for the bilaterian limited by 498 pure diffusion, a sensitivity analysis (Fig. 9 and Supplementary Table 7) demonstrates 499 that one of the most important terms at very low oxygen levels is the minimum cellular 500 oxygen concentration. This will be a small, but non-zero, number (Raff and Raff, 1970 Although the homology of metazoan respiratory pigments is unclear (Terwilliger, 1998) , 509 their presence in this hypothetical last common bilaterian ancestor would greatly increase 510 diffusion rates. Thus, our assumption that respiratory pigments were absent again results 511 in a conservative estimate. Finally, and most importantly, these theoretical calculations 512 assume a perfectly tubular organism (Alexander, 1971) . Such an organism does not exist, 513 as real animals have body wall rugosities, gills, and other structures that dramatically 514 increase diffusive surface area with respect to volume; even the gut is a gas-exchange 515 organ. Consequently, these 'most likely' values and the sensitivity analyses are not 516 intended to yield a precise number. Rather, these models provide an indication of the 517 lower bound of oxygen levels necessary to preclude the bilaterian body plan from 518 Proterozoic oceans. No matter the complexity of the last common ancestor of bilaterians, 519 theoretical modeling suggests the bilaterian body plan was unlikely to have been 520 prohibited unless O 2 levels were < 0.4% PAL. 521 522
Bilaterian metazoans-empirical lower oxygen limits 523
These theoretical calculations can be tested with empirical observations of the 524 oxygen limits of bilaterians in modern oxygen-minimum zones (OMZs). for atmospheric oxygen levels between 1 and 40% PAL (Kump, 2008) . 583
Comparing these likely O 2 levels with the estimated physiological requirements of 584 early animals suggests that sufficient atmospheric oxygen, even for mobile bilaterians, 585 was present well in advance of the origin of animals. Unless early Neoproterozoic oxygen 586 levels were substantially < 1% PAL, and likely < 0.4% PAL, atmospheric oxygen levels 587 would not have prohibited the sponge, eumetazoan and bilaterian body plans. This 588 conclusion does not imply that animals necessarily lived in the Fifteenmile basin, but 589 rather that global O 2 levels were likely adequate for the presence of animals. Notably, this 590 does not negate the possibility of an oxygenation event around the Sturtian glaciation 591 Iron speciation chemistry (specifically the ratio of highly reactive iron (FeHR) to total 653 iron (FeT)) from fine-grained siliciclastic rocks is plotted against the stratigraphic 654 columns. Vertical line on iron speciation plots denotes a ratio of 0.38, with samples 655 having higher ratios considered to have been deposited under an anoxic water column, 656 and samples with lower ratios likely to have been deposited under an oxic water column. 657
Complete redox proxy data for individual sections at Reefer Camp is found in Fig. 5 . 658
Legend for stratigraphic columns and sediment type abbreviations as in Fig. 3 . GO134 GO134 GO132/S1103 GO132/S1103 
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